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•0\  SUMMARY 

The  reliability  of  a  wind  energy  system  depends  on  the  size  0/  the  propeller  and  tin- 
size  of  the  hack -up  energy  storage.  Design  of  the  optimum  system  lor  a  given  reliability 
level  can  he  performed  if  a  time  series  of  w  ind  speed  data  is  available.  How  ever,  a  design 
based  on  conventional  meteorological  records,  which  sample  the  wind  speed  with  a  ten 
minute  averaging  time  at  three-hourly  intervals,  will  over-estimate  the  storage  by  a  factor 
of  approximately  2.  and  if  the  wind  speed  is  only  available  on  a  daily  basis  the  storage  will 
be  over-estimated  by  a  factor  of  2  5  to  4  II.  This  is  because  a  propeller  can  respond  to 
w  ind  speed  changes  in  much  less  than  ten  minutes  and  also  because  three-hourlv  sampling 
does  not  often  pick  up  the  brief  high-speed  incidents  which  generate  a  significant  part  of 
the  w  ind  energy.  A  nomogram  is  presented,  based  on  some  continuous  wind  speed  measure¬ 
ments.  which  enables  storages  calculated  from  three-hourlv  or  daily  data  to  be  appropriately 
reduced  because  of  these  two  effects. 


POSTAL  ADDRESS:  Chief  Superintendent,  Aeronautical  Research  Laboratories. 

Box  4331.  P.0  .  Melbourne,  Victoria.  3001.  Australia. 


/• 


IKK  l  MI  NT  CONTROL  DATA  Sill  I 


Security  classification  of  this  page:  l  'nclassilied 


1.  Document  Numbers 

(a)  AR  Number: 

AR  001  7S4 

(b)  Document  Series  and  Number: 
Structures  Report  3X0 

(c)  Report  Number: 

ARI.  Slruc  Report  3X0 

2.  Security  Classification 
(a)  Complete  document : 

1  'nclassilied 
(Id  1  tile  in  isolation ■ 
l  'nclassilied 

(c)  Summary  in  isolation 

1  nclassilied 

3.  Title:  WIND  1  Nl  RC.V  MOW  R 1  1  IAHI  1  ' 

4.  Personal  Author(s): 

Sherman.  D.  .1. 

5  Document  Dale 

JanuaiA  l‘>X0 

(>  lype  of  Report  and  Period  Covered: 

7.  Corporate  Author(s): 

Aeronautical  Research  l  aboratories 

X.  Reference  Numbers 
(at  lash: 

DSI  :<>  1  34 

(Id  Sponsoring  Agency  : 

l>.  Cost  Code: 

24  701  i 

10.  Imprint 

Aeronautical  Research  1  aboratories. 
Melbourne 

1  1 .  Computer  Program(s| 

(  1  ille(s)  and  languagetsll: 

12.  Release  Limitations  (of  the  document):  Approved  lor  Public  Release 


12-0.  Overseas: 


N.O. 


PR 


I) 


13.  Announcement  Limitations  (of  the  information  on  t his  page):  No  I  imitation 


14.  Descriptors: 

Wind  power  generation 
Wind  ( Meteorology  I 
Wind  velocils 


I  s  (  os.t 1 1  (  odes : 
1002 
0402 


10.  I  liS  IK  1(  7 

llte  reliability  of  a  wind  energy  system  depends  on  tin  sue  o!  the  propeller  and 
the  size  of  the  baek-up  energy  storage.  Design  ol  the  optimum  m  stem  for  a  giien 
reliabilit  r  level  eon  be  performed  if  a  lime-series  ol  wind  speed  data  is  mailable.  However, 
a  design  based  an  consent ional  meleorologieal  retards.  which  sani/’lt  the  w  ind  speed  at 
ihree-ltaurly  intenals.  w  ill  oyer-estimate  the  storage  hi  a  hit  tor  ot  approumateh  3.  and 
if  wind  speed  is  only  mailable  on  a  dadi  btisis  the  stomge  will  b<  oser-estunated  by  a 
factor  of  2  ■!>  to  -I  II.  litis  is  because  three  hourly  sampling  tines  ih>l  often  pnk  up  the 
brief  high-speed  incidents  which  generate  it  icn  huge  part  ot  the  win, I  energy.  I  nomo¬ 
gram  is  presented,  basal  oti  some  , nnnnuous  wind  speed  measuiements.  wlmlt  enables 
storages  t  ab  ulated  from  three-liourly  or  daili  ilata  to  be  appronrtah  h  redtu  ed  because 
of  this  effect 
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1.  INTRODl  ( TION 


I  lie  world  shortage  ol  Kissil  luels  and  tile  consequent  rise  i'l  interest  in  alternative  methods 
ol  ener gy  produeiion  have  not  touched  Australia  very  deeply.  since  the  Known  coal  reserves 
should  he  adequate  lor  its  small  population  for  some  lime  to  come  Nevertheless,  the  Australian 
Senate  Standing  Committee  on  National  Resources1  did  conclude  that  "wind  power  Joes  have 
a  viable  role  lor  small  scale  applications  in  isolated  locations  where  wind  is  a  reliable  energx 
source  A  particular  example  ol  such  a  small-scale  application  has  been  suggested  hv  Herrera 
cl  al.-  Ibis  is  the  power  supple  lor  minor  marine  navigational  aids  mounted  on  huovs.  Wind 
energy  mav  also  have  a  place  in  power  supplies  for  huovs  used  to  listen  lor  the  presence  of  sub¬ 
marines.  and  remote  communications  systems  along  southern  parts  of  Australia's  coastline 
which  tire  olten  clouded  over  but  which  are  subiect  to  frequent  gales 

I  he  design  ol  a  wind  power  system  to  supply  a  given  load  demands  a  trade-oil  between  the 
si/e  ol  the  wind  generator  and  the  si/e  ol  the  hack-up  energy  storage  A  generator  that  is  bigger 
than  necessary  can  supply  the  load  at  lower  wind  speeds,  and  so  a  reduction  in  the  si/e  (and  cost) 
til  the  back-up  energy  storage  is  possible.  In  order  to  liml  the  most  economical  system  and  to 
design  the  system  lor  given  reliability  it  is  necessary  to  know  the  durations  of  lulls  in  the  wind 
and  the  duration  and  frequency  of  the  gusts.  |  his  information  is  verv  variable  between  dillerent 
geographic  regions. 

I  he  conventional  meteorological  data  available  in  various  countries  is  faith  similar,  and 
a  proposed  standard  is  given  by  the  WM().->  In  Australia  for  example,  the  network  consists  of 
a  small  number  ol  meteorological  stations  where  the  maximum  wine1  gust  each  dav  and  the 
10-minute  average  wind  speed  at  three-hourly  intervals  is  recorded  I  here  is  also  a  much  larger 
network  where  the  10-minute  average  wind  speed  is  recorded  at  l>  a.m.  and  a  p  in.  each  dav. 
It  will  be  demonstrated  below  that  (Ins  set  of  data  is  ol  itself  inadequate  for  the  design  of  a  wind 
power  system  because  both  the  averaging  period  and  the  sampling  interval  are  too  great  How¬ 
ever.  it  does  include  the  necessary  information  for  a  climatic  description  of  the  winds  at  a  given 
place.  It  is  proposed  here  that  one  or  two  more  detailed  sets  of  wind  speed  data  should  be  used 
to  determine  how  the  calculated  storage  requirement  of  a  system  varies  with  the  averaging  time 
and  frequency  ol  sampling  ol  the  wind  speed  I  Ins  micro-meteorological  variation  mav  be  a 
function  ol  the  roughness  and  topography  of  the  surrounding  terrain,  but  otherwise  is  likely  to 
be  constant  over  large  climatic  regions.lt  could  therefore  be  used  to  scale  the  storage  require¬ 
ments  that  would  be  calculated  from  the  conventional  meteorological  rccvid.  available  at  am 
place. 

I  homson  ’  has  recorded  wind  speed  measurements  at  an  anemometer  mounted  on  ,i  building 
at  the  A R 1  site  during  14  I  and  early  1 1>7 2 .  1  he  wind  speed  was  measured  each  second,  with  a 
miniature  cup  anemometer  mounted  14  m  above  ground  level  I  hese  measurements  will  be 
used  to  estimate  lor  the  Melbourne  region  how  wind  energy  storage  requirements  vaiv  with  the 
frequency  of  data  sampling 

2.  nil  WIND  I’OU  I  R  FORM  I  I  \ 

In  a  wind  with  velocity  I  .  the  mass  ol  an  which  Hows  through  a  unit  aie.i  is 

V  ...  I  i'll 

where  ..  is  the  an  density  I  Ins  air  has  ,i  kinetic  cncrgv  per  unit  nine 

/’  O  s  1/  I  ■  O  >  ,,  I  ■*  |  '  ,'| 

Not  all  ol  this  c'eigy  is  recovetablc.  because  the  an  downstream  ol  the  pr-'pellei  hum  have  a 
finite  velocity  lor  it  to  continue  moving  aw.iv  from  the  propeller  llcl/  (see  Wilson  . /  if  o  has 
shown  that  the  maximum  power  that  can  be  dehveied  In  an  ideal  wind  mav  lime  ol  unil  an  a  is 
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although  even  i he  best  real  machines  attain  little  more  than  halt  the  ellicieiu.y  ol  this  ideal 
maehine.  Because  the  power  recovered  is  proportional  to  I  :  several  consequences  follow  : 

hr)  \  large  part  ol  the  energy  is  involved  in  relatively  lew  occasions  when  the  wiiul  speed 
is  very  high  However,  the  stronger  occasional  storms  ntav  he  so  scallcied  that  it  becomes 
uneconomie  to  store  energy  to  carry  over  the  full  time  interval  between  It  mas  be  more 
economic  to  design  a  system  which  can  provide  the  necessary  capacity  at  a  lower  speed 
and  allow  energv  logo  to  waste  during  the  larger  storms.  In  fact  it  a  piopellcr  is  designed 
to  operate  at  a  moderate  velocity.  it  may  be  preferable  to  leather  the  piopellcr  during 
the  storms  rather  than  design  it  to  withstand  the  large  aciodv namic  loices  (which 
increase  as  I  -  I  caused  by  operating  during  the  storm 
(/’)  Ihe  periods  of  high  wind  velocity  which  are  important  for  wind  power  geiieiation  are 
usually  fairly  brief.  A  three-hour  sampling  interval  may  be  so  long  dial  on  main 
occasions  the  biicf  high-speed  storms  will  not  be  sampled  If  icvords  of  sulhcient  length 
are  available  then  a  true  histogram  of  l()-miiuite  average  wind  speeds  at  auv  given  nine 
of  day  will  be  obtaineil.  but  the  necessarv  record  lengths  mav  be  quite  eveessive 
(el  It  is  important  that  an  appropriate  averaging  time  be  chosen  w  lien  measurements  of  wind 
speed  are  made  I  or  an  interval  during  which  the  velocitv  vanes,  the  mean  of  the  cube 
of  the  velocitv  is  far  greater  than  the  cube  of  the  mean  velocitv  I  he  appropi  late  a  vet  ag¬ 
ing  time  depends  on  the  response  characteristics  of  the  wind  machine,  but  it  can  be 
quite  small  Small  si/e  generators  mav  operate  at  variable  speed  so  that  the  response 
tune  is  governed  bv  the  inertia  of  the  propellei  which  controls  how  fast  the  piopellei 
mav  speed  up  or  slow  down  in  response  to  a  wind  speed  change.  1  aiger  wind  machines 
generallv  operate  at  synchronous  speed  and  n>c  variable  pitch  piopellers  to  optimise 
the  power  recovered  front  the  wind.  In  this  ease  the  response  time  is  governed  bv  both 
the  rale  of  change  of  pitch  of  the  propeller,  ami  the  rate  of  build  up  of  lilt  in  i  espouse  to 
pitch  and  wind  speed  changes.  Ihe  lift  build-up  is  governed  bv  the  Wagnei  and 
K ucssner  functions  and  is  praeticallv  complete  vv  hen  aboui  live  clioid  lengths  of  the  pto 
pellet'  cross-section  have  Unwed  past  Vv  uh  a  chord  of  .'  m  and  a  wind  speed  of  lit  in  s  this 
suggests  a  response  tune  of  one  second  Ihe  i  espouse  ol  a  hydiauhe  ac.iu.itnt  changing 
the  pitch  would  be  of  the  order  of  III  milliseconds  so  it  is  the  lift  build -up  w  Inch  governs 
this  ease  I  he  smaller  variable-speed  machine  may  have  a  slightly  longer  time  of 
response,  but  because  the  machine  is  smaller  the  icsponse  time  will  not  be  veiv  much 
greater.  A  one -second  value  therefore  seems  to  be  a  suitable  though  slightly  conservative 
figure  to  choose  for  the  velocity  averaging  lime 
(./)  Many  practical  wind  machines  will  not  operate  below  some  stalling  velocity  mound 
5  knots  Although  the  wind  speed  is  below  >  kn  lot  quite  considei able  pei toils  of  tune, 
not  much  energy  is  involved  at  these  low  speeds,  so  slatting  velocities  up  to  mound 
5  kn  have  very  little  effect  on  the  power  available 


.V  nil  SI  OK  \(.l  I’ROItl  I  M 

I  he  problem  of  estimating  the  energy  stoiage  needed  when  a  lluctu.iunp  eneigv  input  is 
required  to  supply  a  specified  energy  demand  f  is  piecisclv  analogous  to  the  pi  .'blent  ol  c  .denial  mg 
the  reservoir  cap.iutv  leqmrel  when  a  fluctuating  iivei  flow  is  icquncd  to  meet  a  given  water 
demand.  I  lie  method  ol  analysis  adopted  lietc  lot  the  eneigv  pioblem  is  the  same  as  the  '  mass 
curve"  method  used  loi  the  reservoit  problem  I  iguie  I  is  a  eiapii  ol  siv  mimite  aveiage  wind 
speed  with  tune,  using  I  homson's-1  ARI  data  I  sing  the  one  second  aveiage  values  the  powei 
entering  a  one  equate  met  ic  area  wind  machine  was  c  ale  u  la  led  using  I  qu.ii  ion  i .'  .'  i  and  piaphcd 
in  figure  f  I  lie  very  spile  v  uttei  nntlent  natuie  i'l  a  wind  powei  supplv  is  .  Icat  lv  v  isible  I  iguie  ' 
is  the  time  integral  ol  I  lie  giupli  in  I  iguie  .'  I  his  cm  ve  is  i  lie  anal  oeue  ol  the  "iii.i"cinve  loi 
river  llovv.  and  icpiesents  the  total  eneigv  geneiatcd  liom  time  .-  o  up  to  am,  given  tune 
I  he  gaps  in  the  c  m  v e  i epi esent  gaps  in  the  data  and  dining  sue  h  caps  a  : ate  ot  pow ei  ivnci a! ion 

i  I  oi  si  in  pi  ic  1 1  v  a  constant  eneigv  ol  base  load  tcquiicmcnt  i.  as-umc.l 


somewhat  less  than  the  average  power  generation  rate  has  been  assumed.  The  wav  in  which  the 
mass  curve  is  used  to  estimate  the  required  storage  volume  is  as  follows: 

Consider  one  of  the  "high  points"  of  the  mass  curve  such  as  I’  or  Q  in  figure  4.  Assume 
that  at  this  point  the  storage  is  full.  From  the  high  point  considered  lav  oil  a  sloping  tangent 
with  a  slope  equal  to  the  demand  rate  on  the  system.  At  any  later  point  the  distance,  v. 
represents  the  amount  by  which  the  demand  has  exceeded  the  supply  during  the  time  interval 
from  the  point  P  or  Q  up  to  time  t‘ .  In  other  words  it  is  the  amount  by  which  the  storage 
has  been  depleted.  The  maximum  of  all  the  possible  intervals,  v.  is  the  storage  capacity  that 
is  required  in  the  system. 

The  mass  curve  procedure  may  be  used  simply  to  determine  the  maximum  storage  needed 
over  a  particular  time.  However,  in  some  circumstances,  it  may  he  more  useful  to  consider  a 
modified  procedure.  For  example  a  small  system  may  need  a  very  large  storage  to  ensure  that 
power  is  always  available,  but  it  may  be  acceptable  to  have  a  smaller  (and  cheaper)  storage  that 
will  sometimes  be  unable  to  supply  the  energy  demand  for  short  periods.  In  this  context  we  will 
introduce  the  concept  of  the  reliability  of  the  total  system  which  we  here  define  as  the  fraction 
of  time  for  which  a  power  sy  stem  will  he  able  to  supply  its  design  load.t  The  parameters  affecting 
the  reliability  of  a  wind  energy  system  will  be  the  si/e  of  the  propeller,  the  aerodynamic,  mechanical 
and  electrical  efficiencies  of  the  equipment,  the  size  of  the  energy  storage  and  the  design  load. 
The  number  of  variables  may  be  reduced  by  considering  a  propeller  of  unit  area  and  equipment 
of  100",,  efficiency.  (The  method  of  dealing  with  non-ideal  equipment  is  indicated  by  an  example 
in  the  Appendix.)  For  a  given  wind  record  the  average  power  Pa.  generated  will  be  used  as  a 
scaling  parameter.  To  obviate  seasonal  variations  Pd  will  be  taken  as  the  annual  average  power 
generation  rate,  which  for  Thomson's3  ARL  data  is  71  W  m-.  When  records  covering  several 
years  are  involved  there  is  a  considerable  variation  from  year  to  year  in  the  average  power  and 
in  such  cases  Pa  will  be  defined  as  the  median  value  of  the  annual  average  power  generation  rate. 
The  demand  (or  design  load),  D.  of  a  wind  energy  system  will  be  expressed  as  a  fraction  of  P„ 
and  the  storage  capacity,  r,  of  the  system  will  be  expressed  in  days  for  which  the  design  load 
can  be  supplied.  Consider  three  systems  with  demands.  /).  of  Fa.  0-7  P„  and  0-5  Pa  respectively, 
and  storages  of  100  days  for  each  system.  (In  terms  of  actual  energy  stored  the  three  storages 
will  be  I00*24*3600*(A>„.  0-7  /*„.  0  5  Ptl)  Joules  respectively  .)  For  each  such  system  with  a 
fixed  demand  rate  and  a  fixed  storage  capacity  ,  a  simulation  of  the  state  of  charge  of  the  storage 
at  successive  instants  is  carried  out.  If  the  power  production  at  time  I  is  P(i).  the  amount  of  energy 
taken  from  the  storage  during  a  time  intervale.  At.  is 

As  </>  P(D)  A/ 

The  symbol  .v  denotes  the  amount  of  storage  which  has  been  called  upon  at  time  i.  In  the 
simulations  reported  here  it  is  assumed  that  the  energy  storage  is  initially  full  so  that  s  0. 
Increments  in  .v  are  added  to  the  initial  stale  provided  that  v  does  not  exceed  the  storage  capacity. 
c,  of  the  system  and  provided  that  ,v  can  never  be  negative  (i.e.  the  storage  can  never  be  more  than 
full).  If  the  storage  becomes  empty  (,v  r)  the  total  time  for  which  it  remains  empty  is  recorded 
to  be  used  in  the  calculation  of  reliability  (or  fraction  of  time  for  which  the  storage  is  not 
empty). 

figure  5a  shows,  for  the  several  different  possible  demand  rates,  the  variation  of  storage 
called  upon,  .v,  with  time.  The  various  demand  rates  for  the  curves  shown  have  been  labelled  as 
P„.  0-7  Pn  and  0-5  PA.  The  storage  called  upon  is  expressed  as  a  fraction  of  100  days'  storage 
for  the  respective  demand  rate.  i.e.  as  a  fraction  of  the  accumulated  energy  consumption  over 
100  days. 

W'lten  three-hour  sampling  of  wind  speed  data  is  used,  the  rate  of  wind  power  production 
appears  to  be  a  more  scattered  process  than  it  really  is.  As  a  result  the  calculated  energy  storage 
requirement  may  be  greater  than  is  actually  necessary  figure  5h  shows  the  curves  ol  stotage 
called  upon  with  lime  if  I  he  wind  speed  used  to  calculate  the  energy  input  is.  during  each  sy  nopnc 


+  In  practice  rchubihlv  will  depend  on  time  lost  due  to  mechanical  and  electrical  lailutes  ol 
equipment  as  well  as  ume  lost  vine  to  storage  exhaustion,  but  equipment  holmes  will  not  be 
considered  in  this  studv 


three-hour  period,  the  six-minute  average  value  at  the  beginning  ol  that  penod  I  he  peak  storage 
requirement  is  up  to  twiee  that  required  when  the  second -by  second  wind  speed  nieasuienients 
are  used. 


4.  LRLQILMY  ANALYSIS  OL  WIND  LOW  IK  (iIMKUION  RAIL 

f  igure  (>  shows  two  probability  distribution  functions  lot  wind  power  generation  rate  .it 
the  AR1.  site.  I  he  upper  curve  is  lor  wind  power  calculated  liom  one-second  average  values  ol 
wind  speed,  and  the  lower  curve  is  lor  wind  power  calculated  liom  siv -minute  aveiage  wind 
speeds.  A  sivminme  averaging  period  (which  is  similar  to  the  IH-ininuie  aveiage  used  lor  standard 
meteorological  observations)  underestimates  the  power  available  to  a  wind  powei  sv stent  bv 
e0"„  at  the  mean  power  production  rate  ol'  /’,  "I  W  m'  I  he  histograms  also  emphasise 
the  very  intermittent  nature  ol'  the  wind  power  generation  process.  I  or  sir  of  the  time  the 
power  available  is  less  than  20  W  in  ’,  but  for  It'".,  of  the  tune  the  powei  exceeds  ISO  W  m- 


5.  RELIABILITY  DIAGRAMS  AM)  1111  I  LLb<  I  OL  l  MM.  IIIKI  I  IIOI  RIA 
SAMPLING  OL  WIND  SPLI  I)  DATA 

I  he  calculations  giving  rise  to  I  igures  Mr  and  7/.  are  applicable  to  the  case  where  it  is 
possible  for  the  s\ stem  to  be  exhausted  for  small  periods  of  tune,  but  in  this  p.uticiilar  case  (lor 
the  100-day  storage  capacity)  exhaustion  did  not  oceui  We  will  now  considei  a  huge  number 
of  wind  energy  systems  with  design  loads  ranging  from  0  I  I'.,  to  and  storages  tanging  from 
one  day  to  11)0  days.  I  ron)  the  wind  speed  record  it  is  possible  to  calculate  the  fraction  of  nine 
for  which  the  storage  of  each  system  would  be  discharged  I  igures  \i  and  show  the  liaction 
of  time  the  system  is  unserviceable,  due  to  storage  exhaustion.  I'm  the  rases  ol  continuous 
sampling  of  the  data  and  of  three-hourly  sampling  respectively.  I  ot  given  levels  of  reliability 
the  storage  calculated  using  three-hourly  sampled  data  appears  to  he  1-7  to  Ml  times  what  is 
actually  required.  I  he  higher  the  power  demand  the  greater  is  the  over-estimate  of  the  storage 
requirement. 


6.  LLLKT  OL  24-1101  K  SAMPLING 

At  many  stations  wind  speed  measurements  are  onlv  available  tor  limited  times  o!  day. 
in  many  cases  at  ')  a  m  and  '  p  in.  O.  M  I  ee  (personal  communication)  has  obseived  that  for 
many  areas  in  Australia  the  annual  probabiluy  distribution  of  the  wind  speed  measured  at 
h  a  m.  is  very  similar  to  the  annual  probability  distribution  ot  wind  speed  measured  at  all  hours 
of  the  day.  although  there  is  some  variation  on  a  seasonal  basis  II  the  hvpothesis  that  ')  a  m 
winds  are  representative  ol  daily  average  winds  is  used,  then  it  will  be  necessuiy  to  make  esti 
mates  of  energy  storage  based  on  a  24-hour  data  sampling  inteival  I  homson's'  data  cover  only 
a  year  or  so.  which  is  insufficient  data  to  relate  a  24-houi  sampling  itcqucncy  to  a  second  by - 
second  frequency  Instead  we  have  analysed  data  for  nearby  I  averton.  coveimg  the  period  I'Mn 
to  I47X.  The  data  is  incomplete  in  that  during  some  vcais  wind  speeds  were  nol  measured  at 
certain  times  of  day  In  these  cases  the  previous  wind  speed  leading  was  assumed  to  continue 
for  the  period  covered  by  the  missing  reading  I  igures  Si.1  and  NA  show  eiaplis  . <1  sioiaee  called 
on  if  power  input  is  calculated  for  a  I  hree-hour  sampling  intci  v  al  ami  loi  a  74  liom  sampling  interval 
respectively.  In  these  graphs  the  top  curve  shows  truncation,  unhealing  exhaustion  ol  the  I ( '< 1  - 
day  storage  for  significant  periods  of  lime  I  he  graphs  showing  liaction  ot  lone  powei  is  tin 
available  (i  e  I  II  reliabihtv)  are  shown  in  I  iguie  'hi  I'm  data  sampled,  tlnee  houilv  and  in 
f  igure  d/>  lor  data  sampled  onlv  at  a  m  each  dav  I  smg  74  horn  sampling  i  he  stmage  lecpiue- 
ntent  for  a  given  reliability  is  over-estimated  (bv  compauson  with  lequiiemenis  c.ilciil.ited  liom 
three-hour  sampling)  by  77'  .  in  the  case  ol  the  laigei  sloiugc  capacities  and  h.  up  to  loo  in 
the  case  of  the  smallei  sioiaee  capacities 
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7.  VARIATION  WITH  SFASON  \N1>  IIMK  OF  DAA 


Wind  speeds  have  a  verv  strong  variation  with  lime  ol  day  I  (as  diuinal  variation  may  he 
very  important  in  wind  power  grids  which  cover  a  large  area  in  order  to  average  out  wind  fluc¬ 
tuations.  Otherwise  it  would  appear  to  he  unimportant  in  the  estimation  of  storage  capacity 
because  energy  storages  are  almost  always  reckoned  in  capacities  of  days  or  weeks  r  "her  than 
hours.  The  average  daily  power  production  is  all  we  need  to  know  However,  if  we  trv  10  '-stimuie 
this  dailv  production  from  available  meteorological  records  vie  meet  the  pioblem  ilia,  at  man) 
stations  the  wind  speed  has  only  been  recorded  at  selected  times  of  dav.  usuailv  duiing  daylight 
hours.  If  we  do  not  use  I  ee's  hvpothesis  we  need  factors  which  enable  us  to  estimate  dailv  average 
vi, nd  power  production  from  observations  at  selected  tunes  of  dav 

Wind  speed  records  have  been  obtained  for  a  number  of  stations  in  Australia  (see  map  in 
fig.  15).  liie  average  wind  speed.  V.  and  average  power  production.  /’  (I  quaiion  (2.2)1.  have 
been  computed  for  each  time  of  dav  for  which  observations  have  been  made  1  here  is  a  significant 
stochastic  variation  from  year  to  year  in  the  mean  power  generated,  so  for  each  year  the  values 
corresponding  to  specific  times  of  dav  have  been  divided  by  the  overall  mean  wind  speed  or 
power  at  l)  a  m  each  dav  for  that  year.  Then  these  normalised  estimate-  ot  wind  speed  and 
power  have  been  averaged  for  all  available  years.  I  lie  variation  of  the  whole  vear  average  wind 
speed  and  power  with  time  of  dav  is  shown  in  Figure  10  Clearly  the  diurnal  variation  is  very 
similar  within  each  pair  of  nearby  stations  (Melbourne,  laverlon)  and  t  Archerlield.  I  agle 
Farm),  The  high  peak  at  about  5  pm.  or  4  pin  in  the  subtropical  region  where  Archerlield 
and  f agle  F  arm  are  situated  correlates  with  the  peak  in  thunderstorm  incidence.  I  lie  seasonal 
variation  shown  in  I  igure  II  is  less  clear,  and  may  be  complicated  by  the  fact  that  the  samples 
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cover  different  time  periods  I  he  variation  between  neat  by  stations  is  considerable  and  any 
uniform  variation  with  season  is  diflicult  to  discern  Perhaps  there  is  a  tendency  lor  winds  gen¬ 
erally  to  be  slightly  lighter  in  March  April  and  slightly  stronger  in  October  November,  and 
perhaps  in  Jamiarv  the  winds  at  the  subtropical  stations  of  Archerlield  and  I  agle  I  arm  tend 
to  be  relalivelv  stronger  than  those  at  the  more  southeily  stations  of  Melbourne  and  1  aveiton 
Otherwi  e  the  variations  between  even  close  stations  suggest  topographical  taclois  such  as 
funnelling  oi  shielding  of  winds  that  come  from  preferred  dueclions  at  various  tunes  ot  the  year 
I  he  seasonal  vaiialion  in  expected  power  production  is  highly  significant  because  many  of 
the  smaller  wind  powei  installations  use  a  storage  corresponding  t  about  a  week’s  to  a  month's 
demand  If  at  a  ceit.un  sue  the  expected  power  production  in  Ichm.uv  isavi  is  significantly 
lower  than  the  annual  expected  power,  then  design  may  need  to  be  based  on  the  lowei  liptire 
I  his  mav  be  a  verv  significant  factor  F  igure  II  shows  il  at  on  a  yc.ulv  basis  I ,i i  m.ne  powei  is 
available  at  Kobe  than  at  laverlon.  Mul  if  the  lowest  monthly  powei  piodmtion  governs  the 
design  I  uverton  is  belter  olf  than  Kobe 


K.  A  ARIA  I  IONS  FROM  AFAR  TO  AFAR 

I  igure  I  2  shows  the  variation  in  the  annual  average  powei  piodiKli.-n  i.ue  ba  -ed  on  the 
')  am  wind  speed  obseivation  As  with  rainfall  the  veai  to  ve.u  vaiiabihic  o  cjinie  huge  In 


general  the  lowest  yearly  average  observed  is  about  halt  the  median  value  I  he  onlv  ease  ol  nearbv 
simultaneous  measurements  is  that  of  l.averton  and  Melbourne  I  he  veai  to  vent  vanations 
have  similarities  but  not  nearly  as  much  as  might  be  expected  I  Ins  ma\  be  because  the  Melbourne 
anemometer  is  situated  near  the  central  city  in  .1  place  where  nu  iy  tall  buildings  have  been 
erected  over  the  past  lew  years.  causing  a  superimposed  downwards  uend  on  the  graph 

9.  COM  I  t  SIONs  AMI  DISCI  SSION 

Conventional  wind  speerl  measurements  at  meteorological  stations  are  onlv  available  at 
three-hourly  intervals.  At  many  stations  they  are  not  available  even  this  often  Moreover  the 
wind  speed  averaging  time  of  10  minutes  is  much  greater  than  is  appiopnate  lot  1  wind  enctgv 
conversion  system  If  the  sampled  data  is  used  to  calculate  the  energv  storage  requ  red  bv  a  w  uni 
power  system  the  storage  will  be  over-estimated.  I  or  the  Melbourne  region  it  has  been  shown 
that  if  three-hourly  data  is  used  in  calculations  the  storage  estimated  will  be  about  twice  what  is 
actually  required  for  a  given  reliability.  If  wind  measurements  taken  dailv  (at  9  a  m  t  .tie  used 
then  the  estimated  storage  will  be  about  2-5  to  4  0  times  what  is  acluallv  requited  1  igure  lb 
gives  a  pair  of  graphs  which  enable  the  correct  storage  capacity  to  be  estimated  front  calculations 
based  on  three  hourly  or  daily  wind  speed  data  1  Itese  graphs  are  applicable  to  the  Melbourne 
region  and  have  been  derived  from  figures  ’’  and  by  palling  storages  tequired  for  each  given 
demand  at  specified  reliability  levels. 

System  design  curves  such  as  those  shown  in  figure  are  only  val.d  for  a  particular  site 
It  is  of  interest  to  see  how  much  scatter  occurs  for  ditl'ercnt  sites  I  igitte  14  shows  some  families 
of  design  curves,  and  the  scatter  is  quite  considerable,  although  a  large  pan  of  the  scatter  can  be 
logically  explained.  I  he  cut ve  lor  Melbourne  Regional  Oliicc  has  not  been  presented  because  of 
the  artificial  ellect  of  trend  vine  to  nearby  building  construction.  I  he  design  cinves  for  the  two 
stations  with  the  longest  records  ( I  agile  barm  and  I  avertonl  ate  f.uilv  ch>se  together  estimated 
storages  generally  cl i lie  1  by  a  factor  of  less  than  2.  I  his  is  quite  inteiestiug  as  the  two  stations  aie 
in  quite  dilferenl  meteorological  areas.  I  or  demands  less  than  the  curves  for  Robe  show  much 
greater  reliability  of  the  wind  over  short  periods,  and  for  long  periods  approach  the  curves  lot 
fagle  barm  and  l.averton.  Robe  is  situated  on  theevposed  south-eastern  coast  ot  South  Australia 
in  ;t  region  of  steady  westerly  winds,  and  so  this  greater  reliability  is  to  be  expected  I  he  curves 
lor  A>  herlield  seem  the  odd  ones.  Howevci.  only  10  veals'  data  are  available  lot  \rcherlield. 
and  or  short  storage  periods  the  curves  ate  fairly  close  to  the  mam  two  stations  ol  I  averton 
and  fagle  farm.  I  he  departures  lor  the  long  storage  periods  are  probablv  due  to  the  short 
record,  in  10  years  thete  are  onlv  TO  independent  periods  of  SO  days,  so  fractions  of  time  (lot 
wh  ch  power  is  unavailable!  around  I  must  have  a  latge  possible  enoi 

An  example  of  the  practical  use  of  the  design  curves  is  given  in  the  Appendix, 
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A  Practical  I  \amplc 

Herrera  ct  a/.-  give  several  pieces  ol  information  which  we  will  use  below  in  an  assessiiieut 
ot  the  storage  requirement  c*t  a  wind  power  ss stent  lor  a  site  near  the  I  averton  anemometer 

(1)  With  a  high-speed  propeller  an  ctliciency  of  40*'„  can  he  achieved 

(2)  1  he  Davey  Dunlile  fleet  rical  Company  of  Adelaide  manufacture'  wind  povveicd 
generators,  l  or  several  of  their  models  the  propeller  diameter  is  }  2l>  m.  and  this  size 
will  he  used  in  the  example  below. 

(3)  Although  the  information  is  not  given  by  Herrera  it  til..-  we  will  assume  that  25",.  of 
energy  is  lost  during  charging  of  batteries  and  another  25  ’,,  during  discharge 

I  he  area  ol  the  propeller  is  8  -5  m-.  Using  the  I. averton  data.  /’.,  155  W  m-  and  the  average 

wind  power  passing  through  the  propeller  is  1317  W  W  ith  an  ellieiencv  of  4t » "...  52<>  \\  will  be 
converted  into  electrical  energy.  If  we  assume  that  all  this  energv  is  first  stored  in  the  battery 
and  then  used  later.  25",  of  the  energv  will  be  lost  during  charging,  and  25  ’ ,  during  discharging, 
giving  an  average  available  power  of  263  W.  Using  f  igure  du  the  storage  capacity  needed  was 
determined  for  demands  equal  to  various  fractions  of  the  available  2(>3  W  and  for  reliabilitv 
at  the  W‘„  and  levels  (see  Table  Alt.  Then  using  I  iguro  13  these  storage  capacities  weie 
reduced  to  allow  for  the  sampling  interval  effect. 

1  he  designs  shown  in  fable  A1  diller  from  the  usual  design  in  that  rather  than  finding  t he 
most  economical  system  to  supply  a  givc-n  demand,  fable  A  I  is  rather  arranged  to  show  the 
most  economical  storage  demand  combination  that  a  given  wind  generator  can  supply.  Columns 
I  and  2  list  various  demands  as  a  fraction  of/',  (column  It  or  absolutely  in  watts  (cohinni  2>. 

I  he  stotage  requirement  that  would  be  calculated  using  standard  tluee-hour  meteorological 
data  is  shown  in  column  3  and  column  4  shows  the  storage  required  after  the  correction  for  the 
effects  of  averaging  time  and  sampling  interval  is  applied.  I  he  last  column  of  the  I  able  shows 
the  actual  si/e  of  the  storage  required  in  watt-hours  for  the  given  demand  1  ogically  there  would 
be  another  part  to  the  Table  in  which  the  total  cost  per  watt  of  demand  would  be  alatlated 
This  has  not  been  included  because  prices  of  storage  and  propellets  vary  from  time  to  time 
However,  using  prices  quoted  by  Herrera  ct  til.-  of  about  It)  cents  per  watt-hour  for  storage 
and  S3000  for  a  generator  and  tower,  the  most  economical  system  for  '•()"„  reliability  supplies 
a  demand  of  0  "  and  has  a  capital  cost  of  $25  per  watt,  ami  for  '*'>  reliability  supplies  a 
demand  of  0-3  and  costs  about  $50  per  watt. 
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TABLE  A1 
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FIG  1:  TIME  HISTORY  OF  WIND  SPEED  AT  ARL.  (THOMSON’S  DATA,  6-MINUTE 
AVERAGING  TIME.) 


FIG  3:  ACCUMULATED  WIND  ENERGY  SINCE  START  OF  RECORDING  AT  ARL. 


FIG 


DERIVATION  OF  STORAGE  REQUIREMENT  FROM  A  "MASS  CURVE' 


FIG  5(a):  VARIATION  OF  ENERGY  STORAGE  CALLED  UPON  WITH  TIME. 
CALCULATED  USING  CONTINUOUS  ARL  WIND  SPEED  DATA. 
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FIG  5(b):  VARIATION  OF  ENERGY  STORAGE  CALLED  UPON  WITH  TIME.  CALCULATED 

USING  ARL  WIND  SPEED  DATA,  AVERAGED  OVER  6  MINUTES  AND  SAMPLED  AT 
3  HOURLY  INTERVALS. 
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FIG  6  PROBABILITY  DISTRIBUTION  FUNCTIONS  FOR  WIND  POWER,  CALCULATED 
WITH  1  SECOND  AND  6  MINUTE  AVERAGING  TIMES 
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FIG  7b  RELIABILITY  OF  WIND  POWER  SYSTEMS  WITH  VARIOUS  LOADS  AND  STORAGE 
CAPACITIES,  CALCULATED  USING  ARL  WIND  SPEED  DATA  AVERAGED  OVER  6 
MINUTES  AND  SAMPLED  AT  3  HOURLY  INTERVALS. 
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FIG  9b:  RELIABILITY  OF  WIND  POWER  SYSTEMS  WITH  VARIOUS  LOADS  AND  STORAGE 
CAPACITIES,  CALCULATED  USING  DAILY  9  AM  SAMPLES  OF  LAVERTON  WIND 
SPEED  DATA, 
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SEASONAL  VARIATION  OF  WIND  POWER  AT  VARIOUS  STATIONS  -  MEDIAN 
VALUES  OF  MONTHLY  AVERAGE  WIND  POWER  GENERATION  RATE  AT  9AM. 


■g  200 


•a  150 


I  100 

03 


£  350 


03 

g  300 

4_ 

03 

o  250 


3  150 

c 

c 


Med 


1960  197 


Laverton 


Medi 


Median 


Melbourne  R.O. 


1950  1960  1970 


Archerfield 


Eagle  Farm 


Median 


Mediar 


1930  1940 


1950  1960  1970 


FIG  12:  VARIATION  OF  ANNUAL  AVERAGE  POWER  GENERATION  RATE  AT 
STATIONS. 
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FIG  13:  EFFECT  OF  VARIOUS  WIND  SPEED  SAMPLING  INTERVALS  ON  CALCULATED 
ENERGY  STORAGE  REQUIREMENT  FOR  A  WIND  POWER  SYSTEM. 
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